resenting the major crop types and their geographical origin, were tested for gene frequency at five isozyme and four RFLP loci. The majority of alleles (67%) were found in all geographic regions. Nearly 3 times more alleles were detected at RFLP loci than at isozyme loci. Genetic diversity among crop types (with the exception of turnip) was similar to diversity estimates of geographical regions, implying that crops used for similar purposes (i.e., oilseed or leafy vegetable) are derived from geographically differentiated populations. Geographically, Central Asian and Indian types showed the highest level of heterozygosity (excluding self-fertile sarson oilseed types), followed closely by European varieties, and Asian varieties showed the greatest gene diversity. Phenetic dendrograms indicated that sarson and Chinese cabbage have diverged considerably from other types, perhaps due to consequences of their breeding habit or origin.
Introduction
Brassica campestris L. (syn. B. rapa Metz.) (2n = 20) contains a number of morphologically variable but inter-fertile subspecies. The classification of subspecies has generally followed patterns of crop use (e.g., seed-extracted oil, leafy vegetable and turnip fodder) and geography (e.g., Europe, India and Asia), and as a such may reflect the history of domestication. Some subspecies currently in * To whom correspondence should be addressed. Present address: Department of Biology, University of Michigan, Ann Arbor, MI 48109-1048, USA cultivation, such as turnip and oilseed, were probably gathered and utilized by late neolithic peoples (Renfrew 1973; Prakash and Hinata 1980; Zohary and Hopf 1988) . Many authors concur that the region ranging from temperate Europe to Western Siberia should be included in the primary center of origin (reviewed in Prakash and Hinata 1980 ), yet the origin of Asian subspecies has been largely enigmatic. Modern Asian leafy vegetables may have been derived from European introductions that were then subject to intensive breeding and selection by early Asian horticulturalists (Burkill 1930; cited in Prakash and Hinata 1980) . Alternatively, the natural range of B. campestris may have extended across Asia and was subsequently divided into European and Asian races by geologic or climatic changes (e.g., Whyte 1983) . However, the latter hypothesis was discounted by De Candolle (1886) due to the lack of wild or weedy B. campestris forms in Asia. Ancient writings suggest that a number of B. campestris forms were cultivated in China by 5000 B.C., among these turnip (ssp. rapifera), pakchoi (ssp. chinesis) and Chinese cabbage (ssp. pekinensis) (Li 1983) .
Hybrids between B. eampestris subspecies are often fully fertile (Sinskaia 1927; Olsson 1954; . However, in some subspecies hybrid combinations, notably those involving the Indian oilseeds sarson and toria, reductions in F 1 hybrid pollen and seed fertility have been reported (Olsson 1954; McGrath and Quiros 1991a) . Reciprocal differences in leaf morphology, most pronounced when turnip and pak-choi are crossed, are also evident in hybrids (McGrath and Quiros t 99 t a). Novel characters and sterility often appear in F 2 populations derived from inter-subspecies hybrids (Sinskaia 1972, McGrath and . Analyses of isozyme composition (Denford and Vaughan 1977) and restriction fragment length polymorphisms (RFLP) (Song et al. 1990 ) suggest that diversity is partitioned geographically into Asian and Indo-European groups. However, it is not yet clear how genetic diversity is partitioned between and within subspecies, and to what extent genetic diversity parallels morphological variation. (Denford and Vaughan 1977) .
Materials and methods
A list of accessions and their sources used in this study is given in Table 1 (nomenclature follows that of Prakash and Hinata 1980) . Isozyme analysis was performed according to methods previously described by Quiros et al. (1987) . Informative zymograms were obtained for PGI (phosphoglucose isomerase), 6PGD (6-phosphoglucose dehydrogenase) and PGM (phosphoglucose mutase). DNA isolation and RFLP analysis, using cDNA clones as probes, was performed as described by McGrath and Quiros (1991 b) . Allele frequencies were determined for nine loci in 20 B. campestris subspecies and in two accessions of B. tournefortii. The genetics of these loci have been previously determined in B. campestris (Truco 1986; Quiros 1987; McGrath and Quiros 1991 b) . At least four independently segregating regions of the B. campestris genome were marked 
Results
Gene frequencies for nine loci (five isozyme and four RFLP) used for genetic diversity estimates are given in Table 2 . Two loci, 6Pgd-1 and Pgm-2, were monomorphic in all B. campestris accessions, with the exception of a single-banded variant of the normally duplicated 6Pgd-1 locus (Quiros 1987 ) detected in one shelgham individual (accession 103714, data not shown). With the exception of 6PGD, B. tournefortii shared no alleles in common with B. campestris, and was excluded from further analyses. It was not clear whether 6PGD was duplicated in B. tournefortii, however both B. tournefortii accessions tested were homozygous for the same alleles over all loci. Seven loci were polymorphic within B. campestris (Table 2 ). The average number of alleles detected at RFLP loci was 3 times greater than the average number detected at polymorphic isozyme loci (8.5 versus 2.7 alleles/locus, respectively), and was positively correlated with average heterozygosity (Ho, Table 2 ) within an accession (R2=0.84). Individual accessions varied in the average number of alleles (A, Table 2 ) detected, ranging from a maximum of 3.44 alleles per locus in toria (accession 1186) to a minimum of 1.0 in sarson.
Six of the twenty accessions carried more then 50% of the 42 alleles scored. These were toria accessions 1186 and 1390, shelgham, 'Yorii Spring' and 'Purple Top White Globe' turnips and 'Tendergreen' (derived from Table 1 ). Sarson accessions were the least polymorphic (7/42 possible alleles scored). Remaining accessions had between 24% and 48% of the maximum number of alleles represented in their populations. Both accessions of spp. pekinensis (i.e., 'Wong Bok' and 'Matsushima') were among the least polymorphic.
The majority of alleles in this species (28/42, 67%) were distributed across the entire geographic range. Only five alleles were unique to particular accessions and were found in accessions from all geographic regions. In the Indian center, the CAI2 allele 9 was present at a low frequency (4%) in toria accession 1390. Chinese cabbage cv 'Wong Bok' contained the only Asian unique allele (BN55 allele lO), which occurred at a relatively high frequency (41%). Three unique alleles from the European center were peculiar to the turnip-rape oilseed variety 'Torch': Pgm-3 allele 2, BN33 allele 8 and CAI2 allele 11.
For each pair of accessions, Nei's genetic identity and gene diversity estimates (Nei 1987) were computed (Table 3) . Mean genetic identity summed across all accessions was 0.722 (SD =0.122, . Genetic identities ranged from 0.94 between European turnip varieties 'Purple Top White Globe' and 'White Flat Dutch' to 0.37 between Chinese cabbage 'Wong Bok' and sarson accession 1394. Similarly, gene diversity estimates (a measure ofheterozygosity between accessions) also showed a wide range of values that paralleled genetic identities (Table 3) . For instance, gene diversity was least between 'Purple Top White Globe' and 'White Flat Dutch' and greatest between 'Wong Bok' and sarson accession 1394.
A UPGMA (unweighted pair-group method with arithmetic mean) dendrogram (Nei 1987 ) was constructed to better visualize relationships between accessions (Fig. 1) . As expected from gene diversity estimates, the European turnips 'Purple Top White Globe' and 'White Flat Dutch' were the most closely associated. Other relationships were not as clear, but in general European accessions grouped more closely with each other than they did with Asian accessions. Some Indian accessions (shelgham, toria accession 1186) were more closely allied with European types, while toria accession 1390 grouped Gene diversity statistics were calculated for a number of different combinations; either on the basis of (1) marker class (i.e., isozyme or RFLP), (2) crop type or (3) geographical origin (Table 4) . Briefly, allele frequencies were used to calculate average heterozygosity estimates assuming Hardy-Wienberg equilibria. Total observed heterozygosity (i.e., gene diversity) between populations (Hr) was partitioned as within population diversity (Hs) and between population diversity (Dsr); where H r = H s + Dsr (Nei 1987) . Gene diversity between populations was expressed relative to total population diversity (as Gsr = Dsr/Hr) or relative to within sub-population gene diversity [as Rsr=Dm/Hs; where Dm=sDsr/(s-1 ) and s is the number of populations, Nei 1987] .
For each of the seven polymorphic markers, variation within populations (Hs) was greater than variation between populations (Dsr , Table 4 ). Overall, intra-populadon diversity values (Hs) for RFLP (i.e., cDNA) markers were 50% higher than those ofpolymorphic isozymes. In terms of their ability to discriminate between populations, isozyme markers generally showed slightly higher gene differentiation values between populations (Gsr and Rsr ) relative to cDNA markers. It was interesting that estimates for the linked markers BN55 and Pgrn-3 (3 cM apart) showed higher levels of inter-population differentiation. Conversely, linked markers BN8 and BN33 (24 cM apart) were among the least differentiated between populations.
The distribution of gene diversity was assessed by crop use (i.e., oilseed, leafy vegetable or turnip). The lowest inter-population differentiation within a crop type was among turnip varieties (Rsv=0.37 , Table4). The most highly differentiated types were oilseeds, whose value was 3 times that of turnip (Rsv = 1.21). These results probably reflected the influence of comparing the single subspecies of turnip versus an amalgamation of subspecies for oilseeds (e.g., ssp. olifera, ssp. dichotoma and ssp. trilocularis) and leafy vegetables.
Gene diversity was also considered relative to the geographic distribution of subspecies (see Table 1 ). Accessions were placed in one of three groups; Europe, India and adjacent regions to the northwest or Asia. Some within-area comparisons were also made. Overall, gene diversity estimates were highest between the Indian accessions, intermediate within the Asian group and lowest among the European types (Table 4) . However, exclusion of sarson types from the Indian group drastically altered this hierarchy, and the Indian group was the least differentiated relative to the others (Table 4 ). This result indicated the influence of allele fixation and loss of heterozygosity due to the inbreeding habit of sarson on the calculated levels of gene diversity. Thus, with the exclusion of sarson as a special case, the most highly heterozygous types (i.e., those with the lowest gene diversity or least amount of allele fixation) were present in India, followed relatively closely by those of the European division, and least heterozygous (i.e., more highly differentiated) types in Asia.
The Asian group was further subdivided geographically following historical records (Li 1969; Li 1983 see Table 1 ). Between Northern and Southern groups, gene diversity was lower among accessions considered of southern origin (morphologically most of these accessions could be considered related to the pak-choi group of Asian leafy vegetables) and higher among the more crop-diversified northern group (e.g., turnip, Chinese cabbage and spp. japonica). Since the ssp. pekinensis group clustered at an unexpected position in the dendrogram (Fig. 1) , the exclusion of this group from analysis of gene diversity among Asian types did not appear to alter the results as dramatically as did the exclusion of sarson from the Indian group (Table 4) .
Sarson is unique among B. campestris in that it is self compatible. However, the name is applied loosely and there are two recognized forms at an agricultural level, brown sarson and yellow sarson, differentiated primarily by seed coat color. The genetic structure of sarson was examined further. Six individuals from each of 15 accessions obtained as yellow sarson (including accessions 1394 and 1404) were tested for homozygosity at isozyme loci. Four of these accessions (designated as brown satson in Table 1 ) appeared to carry multiple alleles at most loci, contrary to the inbreeding habit of sarson, and were not considered typical of ssp. trilocularis. In the remaining 11 accessions (yellow sarson in Table 1 ), each allele was homozygous at all loci, and only two alleles at each locus were detected among all accessions. Four of these yellow sarson accessions (1164, 1185, 1394, and 1404) were also tested at RFLP loci. Again, each was homozygous over all loci and only two alleles at a locus were detected. The only differences detected between accessions 1164 or a 185, and 1394 (Table 2) were the substitution of Pgm3 allele 1 and CA12 allele 6 in accession 1185. Amendment of the dendrogram (Fig. 1) with these additional sarson accessions did not influence the tree topology (data not shown).
Discussion
All forms of B. campestris studied were monomorphic for the duplicated locus 6Pgd-1 (Quiros 1987) as well as for Pgm-2. These results confirm that these widely distributed and morphologically diverse subspecies should be united at the species rank. It is interesting that the Pgm-2 locus (the most anodic band) showed no variation among these varieties, a result also observed by Chen et al. (1990) . In relation to the two polymorphic PGM loci present in B. oleraeea (Arus and Orton 1983) , B. campestris appears to have duplicated one or more PGM genes. Chert et al. (1990) were also able to detect a fourth PGM locus in B. campestris (in crosses between ssp. olifera and sarson), and it is possible that we scored their locus as an allele of Pgm-3 unique to the European oilseed variety 'Torch'. If so, this additional locus represents a ssp. olifera-specific PGM gene duplication.
Three isozyme loci were polymorphic within B. campestris (Pgi-2, Pgm-1 and Pgm-3) and showed an average of 2.7 alleles per locus. Each of the four cDNA clones used for RFLP analysis were also polymorphic, and the average number of alleles observed was nearly 3 times higher than that of the polymorphic isozymes. This result likely reflects the nature of the molecule detected, where isozymes are assayed for a functional protein and RFLPs would detect differences at the DNA level up to several kilobases from the coding region corresponding to the cDNA clone. No monomorphic RFLP markers were tested. While additional cDNA markers appeared single copy in two of these accessions (i.e., 'Yorii Spring' and 'Kwan Hoo Choi'), no polymorphisms were detected, and their genetic basis remains uncertain (McGrath and Quiros, unpublished) . Thus, these results likely overestimate the absolute level of gene diversity within this species but mirror relative relationships between subspecies.
As B. campestris shows a high level of gene duplication (MeGrath and Quiros 1991 b), it was important that RFLP loci used in this study were demonstrably single copy loci to avoid comparisons between paralogous genes in different subspecies. While each of these loci have been mapped in one inter-subspecies cross (McGrath and Quiros 1991 b) , fixed heterozygous gene duplications in some accessions could also explain observed allele frequencies of 50% (e.g., Pgm-1 in 'Raab' and BN8 in 'Hong Tsai Tai'). At least for the more frequent alleles (which factor strongly in diversity estimates) the present sample size appears adequate to draw preliminary conclusions regarding the distribution of genetic diversity across this eclectic range of B. campestris subspecies. Although the number of plants per accession tested here would not have been sufficient to detect rare alleles with high confidence, comparison of the isozyme gene frequency values of 'Torch' observed here agree well with a more extensive survey of this variety by Truco (1986) .
Most alleles are present in more than one crop type and in more than one geographical center, even with the highly polymorphic cDNA loci. With the exception of sarson and Chinese cabbage, a continuum of isozyme and RFLP variability existed across the species. On a gross level, genetic variability tended to follow geography. For instance, European varieties were more related with each other, along with some Indian accessions, than they were with the Asian group. The Asian types tended not to fall into well-defined groups and were interspersed with other Indian varieties. Both sarson and Chinese cabbage were exceptional in that they grouped distantly from all other subspecies.
Considering crop type as the unit of analysis, oilseeds show nearly 3 times greater gene diversity than do turnip types. This is remarkable since these turnips enjoy a wider distribution than do the oilseeds. The comparison is misleading, however, and illustrates the effect of allele fixation on values of genetic diversity in out-crossing taxa. Unlike all other B. campestris subspecies, the present evidence suggests that the self-fertile Indian oilseed sarson is predominantly inbred. Thus, inherent assumptions of random mating made by most genetic diversity algorithms are violated (Nei 1987; Felsenstein 1981) . Similarly, the single accession of a European oilseed tested probably violates this assumption as well, as it was derived from Polish introductions to Canada for breeding low erucic acid cultivars (Downey et al. 1975 ) and has been driven to fixation for alleles of BN8 and BN55. Peculiarities of its breeding history may have increased the frequency of three rare allelic variants undetected in other subspecies. Of the three oilseed types, only toria seems to have escaped this reduction of heterozygosity. Since each allele in sarson was also present in toria, inbreeding sarson types may form a monophyletic group derived from a single self-compatible 'toria-like' individual. However, chloroplast DNA restriction patterns suggest sarson has diverged from both European and Asian cultivars (Palmer et al. 1983) .
Asian leafy vegetables show remarkable morphological diversity. From the analysis of gene diversity here it is difficult to discriminate the pattern of their diversity. Estimates of genetic variability were slightly higher for leafy vegetables as a crop type (i.e., including Asian and European types) relative to the estimates for southern Asia (i.e., primarily pak choi type vegetables). While Chinese cabbage types (which are the primary north Asian leafy vegetables) contribute slightly to the overall diversity within the Asian group, it appears they have suffered a reduction of heterozygosity. The appearance of Chinese cabbage in the historical record occurs after turnip in northern China and pak choi in the south were important agricultural crops, and occurred in a region of overlap (Li 1969; Li 1981) . Meager evidence suggests that Chinese cabbage may have resulted from an inter-subspecies hybrid of turnip and pak-choi (Li 1981; Song et al. 1990) , or perhaps as a variant of an Asian turnip. In support of the latter interpretation, alleles of CAI2 are not shared between ssp. ehinensis (pak choi) and Chinese cabbage, but are shared between Asian turnips and Chinese cabbage. Also, inter-subspecies hybrids of turnip and Chinese cabbage are more vigorous than either parent (and have been used as a high yield forage crop, Werner 1984), unlike hybrids between either pak choi and turnip or Chinese cabbage .
Turnip types are distributed across the Old World and, as one of the few native temperate root crops, may have been among the first B. campestris types utilized. Based on morphology, Sinskaia (1928) classified turnip varieties into seven groups based on regional variation from Europe to Central Asia. Contemporary turnips were considered either as originating in Central Asia from 'primitive types' or derived from two independent domestication events in Europe and Asia (Sinskaia 1928) . However, Nishi (1980) considered the migration of turnip to Asia as an agricultural crop that entered China through Siberia and Mongolia. Independent migrations of turnip to Japan, one from China and another from Europe via Siberia or Manchuria, suggest a further complexity in tracing the evolution of turnip (Aoba 1970 , cited in Nishi 1980 , and by extension all B. campes~ tris types.
Crop gene diversity estimates summed across all geographic regions were lowest for the turnip types, relative to leafy vegetables and oilseeds. Thus, turnips appear to be less diversified within a region than other crop types.
From the varieties tested here, the Indian turnip shelgham appeared to be minimally affected by directed breeding efforts. Variation in the presence of an enlarged hypocotyl, in root color and size, a variant phenotype of the highly conserved 6Pgd-1 phenotype, a putative selfcompatible plant, and a high level of heterozygosity were observed. The other turnip types tested were morphologically uniform within a variety but still retained a high level of biochemical variation.
With the exception of turnip, partitioning genetic diversity into crop type alone is a less useful predictor of subspecies relationships than considering genetic diversity by geographical regions. Given that gene diversity estimates reflect relative levels of heterozygosity and that decreasing heterozygosity through genetic drift or by directed breeding operations leads to increasing gene diversity estimates, it seems reasonable to surmise that regions with the lowest gene diversity contain the most heterozygous forms, i.e., those approaching a level that could be considered a 'primitive' stage. Following this line of reasoning, varieties of the Central Asia/India subgroup have the lowest between-group gene diversities (excluding sarson), followed closely by Europe and more distantly by the Far East. Since at least one accession of toria and shelgham appear to be closely related and few genes control the enlarged hypocotyl of turnip (Ragionieri 1920 , cited in Yarnell 1956 , variation in natural populations for the presence or absence of the turnip character may have characterized stocks from which modern B. campestris was derived.
The mode of domestication (e.g., single origin with subsequent migration versus multiple origins from a widely dispersed wild stock), the timing of domestication (early or recent) and the distribution of genetic variability in B. campestris bear on our understanding of the agricultural origins and conservation of Brassica germplasm. A linear mode of domestication for B. campestris subspecies has been suggested by Song et al. (1990) . From an origin in Europe, germ plasm is suggested to have migrated first to India and then to Asia. Selection of new crop types and their development was then performed by indigenous cultures after each successive migration. An alternative scheme, whereby indigenous cultures would each have access to primitive germplasm (perhaps centered in Central Asia) may also explain the utilization and domestication of these subspecies. Our results suggest neither model adequately explains the distribution of genetic diversity, but instead supports particular aspects of both models. work was supported by USDA competitive grants 88-37262-4018 and 90-37140-5425 to CFQ.
